Friction and wear of four common orthopaedic biomaterials, alumina (Al 2 O 3 ), cobaltchromium (CoCr), stainless steel (SS), and crosslinked ultra-high-molecular-weight polyethylene (UHMWPE), sliding against bovine articular cartilage explants were investigated by reciprocating sliding, nanoscale friction and roughness measurements, protein wear assays, and histology. Under the experimental conditions of the present study, CoCr yielded the largest increase in cartilage friction coefficient, largest amount of protein loss, and greatest change in nanoscale friction after sliding against cartilage. UHMWPE showed the lowest cartilage friction coefficient, least amount of protein loss, and insignificant changes in nanoscale friction after sliding. Although the results are specific to the testing protocol and surface roughness of the examined biomaterials, they indicate that CoCr tends to accelerate wear of cartilage, whereas the UHMWPE shows the best performance against cartilage. This study also shows that the surface characteristics of all biomaterials must be further improved to achieve the low friction coefficient of the cartilage/cartilage interface.
Introduction
Nonbiological materials are commonly used in contact with native articular cartilage to restore load-bearing function to joints for a variety of orthopaedic conditions. Hemiarthroplasty is commonly performed to treat femoral neck fractures and osteonecrosis of the hip and to manage degenerative joint disease or fracture of the shoulder. In knee arthroplasty, many surgeons elect not to resurface the patella, leaving the native articular cartilage in contact with the femoral component. Advantages of hemiarthroplasty over total joint replacement include a less invasive surgical procedure, reduced occurrence of dislocation, better range of motion, faster recovery for the patient, and preservation of normal cartilage and bonestock [1] [2] [3] [4] . However, because the artificial surface articulates against native articular cartilage, there is much concern for wear of the tissue, which could eventually lead to conversion to total joint replacement [2, [4] [5] [6] [7] . Given that over 46 Â 10 6 Americans suffer some form of arthritis [8] , while 44 Â 10 6 have osteoporosis, with 1.5 Â 10 6 of them sustaining bone fractures each year from this condition [9] , there is an imperative need to minimize complications associated with wear to improve the longevity of both the cartilage and the implant.
A key factor in determining the longevity of the implant is the friction and wear properties of the structural material [4, 7] . Early tribological studies of hemiarthroplasty biomaterials primarily focused on acetabular erosion, based on radiological and histological evaluations [5, 6] , which are only qualitative and possibly subjective. The friction coefficient of articular cartilage against cobalt-chromium alloy [7] , pyrolytic carbon [7] , steel [10] , ceramics [10, 11] , glass [4, 12] , and polymers [4] has been measured more recently. However, direct comparisons between published data are not possible due to widely varying techniques and materials, ranging from in vivo canine animal models to in vitro friction measurements using different tissue sources, lubrication baths, test configurations, and counterface materials. Although histological evaluations of wear for hip hemiarthroplasties have been reported [5, 11] , only one study has quantified wear in terms of changes in cartilage explant thickness after friction testing against zirconia and cobalt-chromium [11] . There remains a lack of comprehensive and quantitative data regarding wear of articular cartilage in hemiarthroplasties. The material properties (e.g., hardness) and surface characteristics (e.g., roughness and wettability) also play important roles in the wear of articular cartilage.
Wear of native articular cartilage after hemiarthroplasty is not well understood despite the development of better biomaterials and surgical techniques. Wear may be defined as the removal of material from solid surfaces due to mechanical action induced by surface sliding, and includes various mechanisms such as adhesion, abrasion, fracture, fatigue, delamination, and corrosion. Thus, despite the advantages of hemiarthroplasty over total joint replacement, many studies recommend a total joint replacement, even when the cartilage appears normal, due to the high potential for wear and need for later revision [1, [13] [14] [15] . A better understanding of the underlying reasons and the extent that native cartilage wears against a foreign material would greatly aid the development of new implants that might eliminate or decrease these complications.
The purpose of this study was to investigate the friction and wear characteristics of cartilage sliding against four common hemiarthroplasty biomaterials, namely alumina (Al 2 O 3 ), cobalt-chromium (CoCr) alloy, stainless steel (SS), and, to a limited extent, ultrahigh-molecular-weight polyethylene (UHMWPE). The friction coefficient of cartilage slid against each biomaterial was measured with a pin-on-disk tribometer in reciprocating sliding mode. Wear was assayed for total protein and amount of superficial zone protein (SZP), a marker of the articular cartilage surface zone believed to be a key boundary lubricant [16] [17] [18] , removed from the surface during sliding. Friction coefficients and surface roughness of the biomaterials were measured before and after sliding against 1 cartilage with an atomic force microscope (AFM), which was also used to examine material transfer and the development of wear tracks on the sliding surfaces. The main objectives for these experiments were to measure the friction coefficient of each biomaterial/ cartilage interface, quantify cartilage wear generated by sliding against each biomaterial, and determine if surface rubbing against cartilage causes changes in the surface characteristics of the biomaterials.
2 Materials and Methods 2.1 Tissue Acquisition. Articular cartilage was harvested from 1-3 week old bovine stifle joints obtained from a local abattoir within 16 h of sacrifice. Joints were opened using aseptic technique, and one osteochondral explant was harvested from the anterior region of each distal femoral medial condyle [19] . This location was chosen for consistent harvest of samples from loadbearing regions of the joint [19] [20] [21] , enabling the study of articular cartilage at locations more susceptible to accelerated wear in hemiarthroplasties. In addition, because this region of the stifle joint is characterized by high levels of SZP expression [19, 22] , it facilitates the quantification of protein loss due to mechanical wear. A 5-mmdiameter coring reamer was used to extract the explants, and an adjustable custom jig to trim the height of the explants to 4 mm. Before testing, the explants were immersed in Dulbecco's modified Eagle's medium (DMEM)/F12 culture supplemented with 1% penicillin/streptomycin (both from Invitrogen, Carlsbad, CA), and 0.2% bovine serum albumin and 50 lg/mL ascorbic acid 2-phosphate (both from Sigma-Aldrich, St Louis, MO).
Macroscale Friction and Wear Experiments.
To determine the dependence of the coefficient of friction of each biomaterial/cartilage system on sliding time, articular cartilage plugs (n ¼ 7 for each biomaterial) were slid against each hemiarthroplasty biomaterial on a pin-on-disk tribometer operated in reciprocating sliding mode. The pin specimens consisted of explants affixed to acrylic pins by ethyl cyanoacrylate. The articular surface was brought into contact with one of four biomaterials: Al 2 O 3 , CoCr, SS, and crosslinked UHMWPE. Specimens were prepared as disks with their surfaces finished by the supplier (Merton Tech, Paterson, NJ) to an average roughness of less than 0.254 lm. Chemical compositions and mechanical properties of each biomaterial are given in Table 1 . Before testing, each disk was sonicated in phosphate buffer saline (PBS). Cartilage explants were completely immersed in 10 mL of PBS throughout the duration of testing to maintain tissue hydration. Prior to the initiation of testing, each explant was allowed to equilibrate [23] for 2 min under the applied normal load [19, 24] . Data were acquired in 0.1 s intervals for 60 min using Labview (National Instruments, Austin, TX). All the experiments were carried out under the following conditions: 0.5 mm/s sliding speed, 5 mm wear track radius, $7.85 mm stroke length, and 1.8 N normal load, resulting in an average contact pressure of 0.1 MPa, which is in the low range of physiological contact pressure. Under these conditions, sliding occurred in the boundary lubrication regime, as determined by the minimum film thickness calculated for highly loaded, rigid cylindrical contacts immersed in an isoviscous fluid [25] [26] [27] .
The friction coefficient of each biomaterial/cartilage interface was averaged in each minute of testing and plotted versus time of sliding. The initial and final friction coefficients measured after 1 and 60 min from the onset of sliding, respectively, were used to determine changes in the friction properties of each biomaterial/ cartilage interface due to sliding. Statistical analysis was performed using a two-way ANOVA and Bonferroni/Dunn post hoc tests with a significance level a ¼ 0.05 (corresponding to p ¼ 0.0083) and a standard software package (SAS Institute, Cary, NC).
2.3 Total Protein, SZP, and Wear Quantification. Immediately following testing, the explant was removed from the tribometer and rinsed twice with 500 lL of PBS to remove any wear debris adsorbed to the tissue surface. The PBS bath was collected in 15 mL conical tubes (BD Falcon, San Jose, CA), the disk was rinsed three more times with PBS, and the fluid was collected to ensure the collection of all wear debris. Wear samples were frozen for further analysis of protein content. The PBS in which wear tests were conducted was concentrated by centrifugation using Centricon filter devices (Millipore, Billerica, MA), and assayed for total protein using the Bicinchoninic acid (BCA) assay (Pierce, Rockford, IL) and for SZP using enzyme-linked immunosorbent assay (ELISA). Prior to each assay, the actual volume of each concentrated sample was measured and used to calculate the total mass of protein loss. BCA assay was performed on a microplate with 10 lL of the sample applied into each well. ELISA was performed using standard methods and SZP purified from bovine synovial fluid as a standard [28] . Samples were serially diluted with PBS and reacted with S6.79 (1:5000) as the primary antibody and antimouse horseradish peroxidase-conjugated goat (1:3000, Vector Laboratories, Burlingame, CA) as the secondary antibody.
Wear was quantified by the mass removed per unit surface area normalized to the mean contact pressure and total sliding distance (lg/NÁm). Conventionally, wear is expressed in terms of the volume change in worn material, as in the classical wear equation [29] . Wear calculations based on mass loss almost always involve measurements of the dry mass of the worn material [30, 31] . Because tissue hydration is essential for articular cartilage viability and function, measuring the dry weight of the tissue samples was impractical. Therefore, the mass of material removed from the surface was estimated from the wear debris contained in the collected medium (PBS). The wear rate, expressed as material loss per sliding time, was not calculated because the wear debris was only assayed after the end of testing. A one-way ANOVA and Fisher's PLSD post hoc tests with p < 0.05 were used to determine wear differences between different biomaterial/cartilage interfaces.
Histology Analysis.
To verify the distribution of SZP in the tissue, two sets of explants for each biomaterial/cartilage interface were fixed in Bouin's fixative overnight for histology immediately following friction and wear testing. An unworn explant immersed in PBS was used as the positive control. SZP localization at the articular surface was determined by immunohistochemistry (IHC) using S6.79 (1:5000) as the primary antibody and an ABC kit with mouse IgG as the secondary antibody (Vector Laboratories, Burlingame, CA). Images were obtained with an optical microscope (LSM510, Carl Zeiss, Jena, Germany) at 40 Â magnification. Crosslinked by a three-time exposure to c-radiation of 3 MRad; annealed below melt to annihilate free radicals; plasma gas sterilized.
2.5 Nanoscale Friction Coefficient and Surface Roughness Measurements. To determine changes in the biomaterial surface due to sliding against cartilage, the nanoscale friction coefficient and surface roughness of the biomaterials were examined with an AFM (MFP-3D-CF, Asylum Research, Santa Barbara, CA). Triangular silicon nitride tips (MSCT-AUNM, Veeco, Santa Barbara, CA) with a nominal tip radius of 10 nm and spring constant of 0.02 N/m were used in all scans. Contact-mode scanning of 60 Â 60 lm 2 areas was performed in air with a resolution of 128 Â 128 pixels, scan rate of 1 Hz, and constant set point of 4 V. Force calibration on glass using Igor Pro software (version 5, WaveMetrics, Oswego, OR) based on the thermal calibration method [32] revealed that this set point corresponded to an applied normal load of 7.07 6 0.12 nN. Lateral force calibration, performed on a silicon grating (TGF11, Mikromasch, Wilsonville, OR) using the direct force balance method [33] , showed that the friction voltage and the friction force were related by a constant equal to 980.8 nN/V.
Height and lateral force signals were acquired at five different locations within the vicinity of the sliding path. An average nanoscale friction force was obtained as the half-width of the friction loop, i.e., half of the difference between the mean lateral trace and retrace values. Friction force values were divided by the applied load and then averaged over the five locations. The root-meansquare (RMS) surface roughness, R S , indicating the statistical deviation of surface height data from the average surface height, was calculated as the average of R S values determined from five different locations on each sample surface. Differences between friction coefficients and surface roughness values obtained before and after testing of each biomaterial were analyzed for significance using a paired t-test with p < 0.05.
Results
interfaces, the friction coefficient increased nonlinearly, demonstrating a steeper rise at the beginning of sliding and increasing at a lower rate toward the end of testing ( Fig. 1(a) ). Friction coefficient data showed that UHMWPE produced the lowest friction coefficient both at the start (1 min) and the end (60 min) of testing, while Al 2 O 3 resulted in the highest friction coefficients at both time points (Fig. 1(b) ). Both the 1-min friction coefficient (0.035 6 0.001) and the 60-min friction coefficient (0.391 6 0.012) of UHMWPE were significantly lower than those of all other biomaterials (p < 0.0001). The 1-min friction coefficient of Al 2 O 3 (0.134 6 0.003) was significantly higher than those of all other biomaterials (p < 0.0001), whereas the 60-min friction coefficient of Al 2 O 3 (0.569 6 0.009) was similar to that of CoCr and significantly higher than those of all other biomaterials (p < 0.0001). CoCr produced the largest increase in friction coefficient after 60 min of sliding, from 0.074 6 0.003 (1 min) to 0.566 6 0.013 (60 min). Fitting the data shown in Fig. 1(a) with a biphasic exponential function of time indicated that the trends shown in Figs. 1(a) and 1(b) hold for any value of time, with R 2 values ranging from 0.9865 to 0.9944. From the fitted curves, the estimated steady-state friction coefficients of Al 2 O 3 , CoCr, SS, and UHMWPE were found equal to 0.61, 0.57, 0.51, and 0.46, respectively. These friction coefficients are close to the 60-min friction coefficient data shown in Fig. 1(b) .
Protein
Wear. The total amount of protein removed from the cartilage surface during sliding was not significantly different between any of the biomaterials (Fig. 2) . Total protein removed from the surface ranged from 0.589 6 0.167 lg/NÁm for Al 2 O 3 to 0.685 6 0.257 lg/NÁm for CoCr. The measured amount of SZP removed from the surface was multiplied by a factor of 100 to enhance the comparison with the total protein removed. SZP in the wear debris ranged from 0.0004 6 0.0002 lg/NÁm for Al 2 O 3 to 0.0010 6 0.0007 lg/NÁm for UHMWPE.
3.3 Histology. Although SZP was removed from the surface during sliding, IHC analysis revealed that SZP was still present at the cartilage surface (Fig. 3) . Explants worn against CoCr showed visibly lower SZP content compared to explants worn against Al 2 O 3 , SS, and UHMWPE. Since the SZP distribution patterns were similar for both sets of samples assayed, only one set is presented here. These results correspond to the macroscale friction coefficient patterns of the biomaterials worn against cartilage, where CoCr yielded the largest increase in friction coefficient (Fig. 1) . 2 Normalized wear of total protein and SZP from the articular cartilage surface due to sliding against different biomaterials. Differences among the four biomaterial/cartilage interfaces were statistically insignificant. The amount of worn SZP was multiplied by a factor of 100 to enhance the comparison with the total protein loss.
Nanoscale Friction Coefficient and Surface Roughness.
Nanoscale friction measurements obtained with an AFM revealed a significant decrease in friction coefficient of Al 2 O 3 (p ¼ 0.003) and CoCr (p ¼ 0.004) after sliding against cartilage (Fig. 4(a) ). Although lower friction coefficients were also obtained for UHMWPE and SS, these changes were relatively less significant. Surface roughness of the biomaterials was not significantly affected by the sliding process (Fig. 4(b) ).
Discussion
The objective of this investigation was to evaluate the tribological properties of biomaterials commonly used in hemiarthroplasty and determine the biomaterial/cartilage interface that demonstrates the lowest friction coefficient and least tissue wear. Among the tested biomaterials, CoCr exhibited the least desirable tribological properties, producing both the largest increase in friction coefficient through the duration of sliding and the highest friction coefficient at the 60-min time point (Fig. 1) . IHC analysis of SZP, a marker of the superficial zone and a well-known boundary lubricant of articular cartilage [18, 19, 34] , showed that cartilage slid against CoCr contained the least amount of SZP near the surface, both in density and distribution through the tissue (Fig. 3) . However, the amount of total protein and SZP in the wear debris of the CoCr/cartilage interface was not statistically different from any of the other biomaterial/cartilage interfaces (Fig. 2) .
Friction coefficient and surface roughness results are consistent with those of previous studies. CoCr has been reported to produce a higher friction coefficient ($0.021-0.023) and less staining for collagen and proteoglycan in bovine osteochondral explants compared to ceramics ($0.015) [11] . Histology from in vivo experiments of CoCr femoral heads in canines revealed more degradation, fibrillation, eburnation, and bony changes in the acetabulum compared to pyrolytic carbon [5] , suggesting a progression of osteoarthritis following implantation. In another similar study, Vitallium caused premature and increased loss of proteoglycans, ingrowth of pannus into the cartilage, and disruption of the lamina splendens [6] . These results are consistent with an inferior biomaterial causing excessive wear of articular cartilage. Even custom-fit Vitallium patellofemoral groove implants were found to cause a loss of proteoglycans and fibrillation [35] . Noncontact profilometry yielded a surface roughness of cast CoCr implants of 42 nm, which is approximately 4-5 times less than the roughness of CoCr measured in the present study with the AFM. This discrepancy may be attributed to differences in alloy composition, manufacturing process, and measurement method. The roughness of CoCr dental implants measured with an AFM was found equal to $134 nm [36] , which is similar to the roughness measured in this study (Fig. 4(b) ). The surface roughness of CoCr femoral condylar implants measured with a stylus profilometer was reported to be between $40 and 120 nm, depending on the manufacturer [37] . Clearly, differences in measurement techniques and material sources contributed to the wide ranges of friction coefficient and surface roughness of CoCr alloys examined Fig. 3 Immunohistochemistry showed a lower SZP content at the articular cartilage surface sliding against CoCr and a higher surface content for that sliding against Al 2 O 3 , SS, and UHMWPE. The lower staining density of SZP at the articular surface slid against CoCr correlates with the higher friction coefficient at the CoCr/cartilage interface. The presence of SZP at the cartilage surface after sliding against different biomaterials for 60 min also corresponds to the low levels of SZP detected in wear debris, suggesting that other proteins were also removed from the surface during sliding. in previous studies. A key advantage in the present investigation was that using identical assays in all of the tests enabled direct comparisons between biomaterial behaviors. UHMWPE exhibited the best performance with respect to friction coefficient, consistent with previous findings. Significantly lower friction coefficient was found for cartilage slid against polyurethane than glass, which was attributed to the higher compliance of the polymer [4] . In the same study, fibrillation of the articular surface and delamination of the collagen fibers occurred only for cartilage samples articulated against glass, while cartilage samples tested against polyurethane appeared normal even after 500 sliding cycles (60 m). It appears that the lower polymer stiffness may be an important factor in reducing friction and wear of articular cartilage. Additionally, crosslinking of the UHMWPE used in the present study likely contributed to lower friction and wear, compared to uncrosslinked UHMWPE. Crosslinking of the polymer chains should produce lower and more stable friction coefficients (less plowing) and greater wear (shear) resistance due to prevention of molecular chain alignment during sliding that weakens the polymer surface [38] . Profilometry measurements showed that the roughness of UHMWPE tibial inserts ranged from 2.5 to 1870 nm, depending on the manufacturer [37] . Surface roughness values of 69.8 and 2481.8 nm have been reported for molded and machined polyethylene tibial inserts, respectively [39] . These roughness results are also consistent with the roughness measurements of the present study.
The nanoscale friction coefficient of UHMWPE demonstrated the smallest change following wear testing against cartilage, as opposed to CoCr, which exhibited the largest change in friction coefficient after testing (Fig. 4(a) ). These results reflect friction coefficient trends similar to those observed at the macroscale, where UHMWPE produced the smallest increase while CoCr resulted in the largest increase in cartilage friction coefficient (Fig. 1) . For all biomaterials, the nanoscale friction coefficients measured after testing were found to be close to that of healthy articular cartilage ($0.20) [40, 41] , especially for CoCr and SS. This suggests that some material transfer from the cartilage to the biomaterial surface may have occurred during sliding. Although the roughness did not change significantly for any biomaterial surface, the general trend was for the roughness of CoCr, UHMWPE, and SS to decrease as a result of sliding (Fig. 4(b) ). This decrease may have contributed to the decrease in nanoscale friction coefficient after testing (Fig. 4(a) ). Changes in the surface composition may also have occurred during sliding contact. Material transfer from the cartilage to the biomaterial surface would tend to lower the friction coefficient to levels comparable to that of the cartilage/cartilage interface and smooth out the biomaterial surface as wear particles aggregate and become embedded in the transferred material.
Quantification of total protein and SZP loss from the cartilage surface revealed insignificant differences between biomaterials. SZP comprised only 0.1-0.2% of the total protein wear and IHC results showed that worn cartilage still contained SZP at or near the surface (Fig. 3) . These data suggest that SZP was not entirely worn off from the surface and that other surface molecules contributed to the friction force generated at each biomaterial/cartilage interface. CoCr resulted in less SZP staining in both histology samples, while Al 2 O 3 , SS, and UHMWPE showed similar SZP distributions. These results are consistent with the macroscale friction coefficients of articular cartilage slid against each biomaterial, where the CoCr/ cartilage interface produced the largest increase in friction coefficient after sliding for 60 min (Fig. 1) . One limitation of this study is that under the relatively low contact pressure (0.1 MPa) applied in the sliding tests, wear of SZP was not as pronounced as for other proteins present at the articular surface. Since the 0.1 MPa contact pressure is at the low end of the physiological range [42, 43] , additional studies of the wear dependence on normal load should provide more insight into the wear performance of implants across various locations in the joint. Additionally, study of the wear dependence on sliding time (distance) would yield wear rate measurements and provide a means of identifying the best biomaterial for in vivo use. Based on the macroscale friction coefficient data, it is expected that CoCr would produce the highest wear rate due to the steeper initial rise in friction coefficient. Conversely, because UHMWPE demonstrated the slowest friction coefficient rise, it is expected to also result in less wear. However, these effects are not represented in the wear data because wear was only quantified at the end of sliding. Wear measured by the decrease in thickness of cartilage explants slid against CoCr has been reported to be higher than that of cartilage slid against zirconia [11] . These results are also consistent with the wear measurements of this study, which show a lower mean loss of both total protein and SZP for Al 2 O 3 compared to CoCr (Fig. 2) . The additional assays of nanoscale friction coefficient and surface roughness of the biomaterials measured before and after wear testing also suggest that more tissue wear accumulated in the case of the CoCr/cartilage interface.
Under the experimental conditions of this study, sliding occurred in the boundary lubrication regime, which is relevant to the specific aim of determining the biomaterial/cartilage system with the best tribological properties. While other modes of lubrication, including weeping [44] and elastohydrodynamic [45] lubrication, provide protection by separating the cartilage surfaces by a fluid film, boundary lubrication protects cartilage during solid-solid contact, which is associated with excessive wear. Boundary lubrication was confirmed by the very small fluid film thickness ($0.14 nm), estimated from elastohydrodynamic fluid film theory [26, 27] , and phenomenological observations of the tested surfaces revealing direct surface interaction (wear) and friction coefficients typical of sliding in the boundary lubrication regime. The cartilage specimen was allowed to equilibrate under the applied normal load for 2 min prior to the initiation of sliding. Others have found that for contact pressures in the range of 0.5-4 MPa, the fluid film thickness after 5 s from the application of the static load was in the range of 0.01-0.04 lm, and decreased to values in the range of 0.002-0.02 lm after 120 s under the applied static load [46] . Similarly the fluid film thickness due to entraining fluid was estimated to be equal to 0.01 lm [46] . Since the surface roughness of articular cartilage is in the range of 0.3-0.8 lm [24, 41, 47, 48] and the average roughness of the tested biomaterials was found to be about 0.1-0.2 lm (i.e., both at least an order of magnitude greater than the film thickness), boundary lubrication conditions were predicted based on theoretical calculations [29] .
The presented results revealed that CoCr, the biomaterial most frequently used against cartilage in hip, knee, and shoulder replacements, exhibited the least desirable friction and wear properties among the four biomaterials examined. Al 2 O 3 resulted in better friction characteristics and less cartilage wear; however material transfer was discovered in the AFM studies of the disk surfaces following wear testing. Ceramics are also commonly used in hemiarthroplasty of the hip and smaller joints (hand and foot). UHMWPE demonstrated a better overall performance with respect to cartilage friction and wear behavior. However, the current use of UHMWPE in joint replacements is in the form of hip or meniscal inserts or patellofemoral replacement, where contact with cartilage is minimal. Results of the present study suggest that expanding the use of UHMWPE and other polymers in orthopaedic applications where cartilage is replaced by an engineered biomaterial is worth exploring. While UHMWPE yielded the lowest friction coefficient throughout the duration of sliding against cartilage, it produced friction coefficients between two to ten times higher than that of a cartilage/cartilage interface. Constant and low friction coefficients of $0.01 [49] and $0.05 [50] have been reported for cartilage sliding against cartilage under a similar contact pressure (0.5 MPa) for 120 and 500 min, respectively. An increase in friction coefficient from approximately 0.01 to 0.02 was observed after sliding cartilage against cartilage for 7 h [51] . The friction coefficients of any biomaterial/cartilage interface tested to date have yet to achieve such low values. Research should be directed toward the development of ceramics and polymers that mimic the tribological properties of normal articular cartilage, while maintaining the mechanical strength necessary to sustain joint loading.
An experimental investigation of the tribological properties of common hemiarthroplasty biomaterials articulated against cartilage explants was conducted using identical assays for each biomaterial/ cartilage interface. Friction and wear experiments, nanoscale friction and roughness measurements, protein wear assaying, and histology analysis were used to compare the tribological performance of each biomaterial/cartilage interface under physiological conditions. The obtained results suggest that UHMWPE, the most compliant and softest material tested, should produce the least wear in hemiarthroplasty applications. SS, which has a lower stiffness and hardness than Al 2 O 3 and a lower stiffness than CoCr, also should result in good tribological properties. The worst tribological performance, highest wear of surface protein, and least amount of SZP staining in cartilage corresponded to the CoCr/cartilage interface, while Al 2 O 3 performed moderately better with respect to wear but not with respect to friction. In the context of the obtained results, it appears that UHMWPE and SS have a greater potential as hemiarthroplasty biomaterials because they produce significantly better tribological properties, while preserving the healthy articular cartilage much more effectively. Therefore, further improvements to the surface properties of hemiarthroplasty biomaterials must be made to reduce friction and wear of cartilage to near those of the cartilage/ cartilage interface.
